A quantitative analysis has been carried out for the nitrogenation process using two groups of Y 2 Fe 17 N x samples, one obtained by successively allowing longer nitrogenation times and the other by systematically varying the particle size. A detailed calculation using the two-region model results in an analytical solution for the nitrogen distribution as a function of nitrogenation time and particle size, which agrees with the observations in both groups of samples. This model describes the entire nitrogenation process ͑usually longer than 10 h͒, and predicts a diffusion parameter D 0 with the correct order of magnitude ͑ϳ10 Ϫ6 m 2 /s͒.
I. INTRODUCTION
Significantly improved magnetic properties are observed in rare-earth/yttrium transition-metal nitrides, as compared to their unnitrided parent intermetallics. 1, 2 Recent studies of nitrogen diffusion and distribution in R 2 Fe 17 N x using NMR, 3 x-ray diffraction, 4 neutron diffraction, 5 and Mössbauer spectroscopy 6 have indicated that, at least in some R 2 Fe 17 N x systems, the nitrogen distribution follows a two-region profile. In Y 2 Fe 17 N x , it has been found that in the outer nitrided region, two of the three octahedral interstitial sites are filled ͑Yϩ2N coordination͒, and in the inner unnitrided region, the host lattice is almost devoid of N atoms. The boundary between the outer shell and the inner core is relatively sharp, and the boundary location depends on the particle size and the overall nitrogen content. The nitrogenation process is therefore the slow advancement of this boundary towards the interior of the particle, while the nitrided outer shell maintains its Yϩ2N coordination.
In order to understand the mechanism of nitrogen diffusion in the nitrogenation process inside the two-region sample particle, we have carried out a quantitative analysis based on a model involving two types of nitrogen atoms, one of which has a strong chemical bond with the lattice while the other is mobile. The calculations resulted in an analytical solution for the nitrogen distribution as a function of nitrogenation time and particle radius. It was then applied to data from two groups of Y 2 Fe 17 N x samples, which had been systematically fabricated to give successively increasing nominal nitrogen content x. Assuming a Yϩ2N configuration for the nitrided region, the size of the inner core was calculated for each sample according to its bulk nitrogen content. The inner core size was also predicted by evaluating the distribution function derived from this work, using the actual nitrogenation time and particle size for that particular sample. For both sets of Y 2 Fe 17 N x samples, consistent agreement has been obtained for the entire range of x ͑0.3рxр2.8͒. Furthermore, the fitting resulted in values for other quantities, such as the diffusion parameter D 0 and the concentration of the mobile type nitrogen atoms.
II. SAMPLE PREPARATION AND CHARACTERIZATION
Y 2 Fe 17 ingots were made by arc melting, and powder samples were obtained through homogenization and grinding. The parent Y 2 Fe 17 powder samples were annealed at 900°C in an Ar atmosphere for five days before nitrogenation. Two groups of nitrogenated samples were made for the analysis in this work. Group A consisted of six samples, all from a carefully sifted parent sample of particle size within a narrow range of 32-37 m ͑an average particle radius of 17 m͒. These six samples were nitrogenated at 480°C under an ultrahigh purity ͑99.999%͒ N 2 flow with a pressure of 1.5 bar for different time durations of 0.5, 4, 4.5, 8, 12, and 14 hs. Using the usual gravimetric method, the nitrogen contents x of these Y 2 Fe 17 N x samples were determined to be 0.3, 1.5, 1.7, 2.0, 2.6, and 2.8, respectively. Group B consisted of six samples obtained by separating the parent sample through sieves of mesh sizes of 43, 37, 32, 25, 20 m. Although particles in each sample have a small range in their diameters ͑Ͼ43, 43-37, 37-32, 32-25, 25-20, and Ͻ20 m͒, we will treat the six samples as having average radii of 25, 20, 17, 14, 11, and 8.5 m, respectively. These six parent samples were simultaneously nitrogenated at 460°C under N 2 flow with a pressure of 1 bar for 17 hs, yielding nitrogen contents of xϭ0.6, 1.2, 1.8, 2.4, 2.6, and 2.8, respectively.
X-ray diffraction patterns were obtained from each sample in both groups. All samples in group A have the hexagonal phase, whereas all the samples in group B exhibit the rhombohedral phase. Both groups of samples were previously studied using 89 Y-NMR.
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III. RESULTS AND ANALYSIS
For the Y 2 Fe 17 N x samples in group A, the nitrogen content ranged from xϭ0.3 to 2.8. The longer the nitrogenation time, the greater the nitrogen content. On the other hand, for the Y 2 Fe 17 N x samples in group B, it was the particle size that determined the nitrogen content, which ranged from xϭ0.6 to 2.8. These samples allowed us to analyze the nitrogenation process quantitatively through two independent variables, namely, the total nitrogenation time t and the particle radius R.
Consider a spherical particle of radius R. During the nitrogenation process, nitrogen atoms are diffusing in the radial direction from the surface into the interior of the particle. A nitrogen atom can be either a free-type ͑f -type͒ or a trapped type ͑t-type͒. The f -type atoms are relatively free to diffuse ͑with a diffusion constant D͒, whereas the t-type atoms are considered immobile ͑occupying the octahedral interstitial sites͒. According to this model, nitrogen atoms at the surface will move inward ͑as f -type͒, find the first available octahedral site, and be trapped there ͑converting to t-type͒. Let c t represent the concentration of the t-type atoms, and c t0 be the maximum t-type concentration. At a given time, the spherical particle has a two-region configuration with its outer shell maximally populated with t-type N atoms and its inner core unnitrided
R 0 is the radius of the unnitrided core and, therefore, indicates the location of the boundary between the two regions. During the nitrogenation process, R 0 decreases, with R 0 ϭR at tϭ0 and R 0 ϭ0 for a sufficiently long time. Because of the strong chemical bond between the N atom and the lattice where octahedral sites are available, the f -type atoms may only exist and diffuse in the nitrided region (R 0 рrрR). The diffusion equation for the f -type atoms is
We will assume that the boundary moves slowly and the f -type atoms have a relatively large D so that, at any moment, c f (r,t) reaches the steady state distribution c f (r) within the nitrided region ͑i.e., similar to an adiabatic process͒. The equation is reduced to a one-variable ordinary differential equation in the radial direction,
͑3͒
which can be easily integrated to yield its general solution:
If c f s and c f b represent the f -type concentrations at the surface and at the boundary, respectively, the constants A and B can be determined,
The current density vector J is related to the gradient of nitrogen concentration, JϭϪDٌc, and therefore, can be calculated using the solution for c f (r) in Eq. ͑4͒,
The total flux ⌽ radially into the sphere is the surface integral of J,
On the other hand, the total quantity of nitrogen atoms ͑both f -and t-types͒ in the nitrided region at any given moment is the volume integral of the combined concentration,
Because R 0 changes with time, the rate of change of this total quantity is
Mass conservation requires that the change of the total quantity be equal to the incoming flux, i.e., ⌽ϭdQ/dt,
This is a differential equation for R 0 (t). Rearranging and integrating,
͑11͒
This analytical solution gives t as a function of R 0 ͑with R as a parameter͒, which in principle is equivalent to R 0 (t;R). Figure 1͑a͒ shows a numerically calculated R 0 vs t curve for Rϭ17 m, corresponding to the particle radius of the group A samples. Along the curve, different nitrogenation times ͑0.5, 4, 4.5, 8, 12, 14 h͒ used in preparing these samples are indicated by six circles whose vertical coordinates give us the predicted R 0 values 15.7, 12.8, 12.6, 10.7, 8.8, and 7.9 m, respectively. Equation ͑11͒ was also used to produce Fig. 1͑b͒ which shows six R 0 vs t curves for different particle radii R, corresponding to the group B samples. The solid squares represent tϭ17 h when the nitrogenation process was terminated during sample preparation. The R 0 values of 21, 16, 13, 9.6, 6.5, and 3.2 m were obtained by reading off the vertical axis.
A detailed study using NMR measurements of Y-N coordination has shown that not all the nitrogen atoms absorbed into the entire sample are coordinated with the Y atom in the 2:17 phase, and the ''nominal'' N content x obtained gravimetrically includes nonoctahedral N atoms and other impurities in the sample. 7 For this reason, we will use a normalized average concentration cϭx/3, e.g., xϭ2.8 corresponding to cϭ0.93, or 93% nitrided. For each sample of known radius R, its core size R 0 can be obtained from its normalized average concentration c, because the ratio of the core volume to the shell volume is proportional to (1Ϫc)/c. The R 0 value calculated directly from the nitrogen content of each sample has been compared with the corresponding R 0 value calculated theoretically using Eq. ͑11͒, and the results are plotted in Fig. 2 for all 12 samples. The diagonal dashed line, serving as a guide for the eye, indicates how the data points are close to a perfect match, and it is evident that there is a good agreement.
IV. DISCUSSION AND CONCLUSIONS
The parameters ͑D, c f s , and c f b ͒ used in Eq. ͑11͒ to calculate the curves in Fig. 1 , because in reality the mobile f -type N atoms have a concentration 4 orders of magnitude smaller than the total nitrogen concentration.
In conclusion, quantitative analysis of the diffusion process in Y 2 Fe 17 N x using a two-region model has produced good agreement between the calculated quantities and the experimental results. The model yields a diffusion parameter with the correct order of magnitude, and the theory gives an analytical solution for the boundary location as a function of nitrogenation time and particle radius. The entire nitrogenation process ͑usually longer than 10 h͒ can now be analyzed by this model, an improvement over the continuous solid solution model which could only describe the very beginning of the nitrogenation process. 
